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Self-Peptides from Four HLA-DR Alleles Share 
Hydrophobic Anchor Residues Near the 
NH 2 -Terminal Including Proline as a 
Stop Signal for Trimming 1 
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and Hubert Kalbacher 2 * 

•Center of Medical and Natural Sciences, University of Tubingen, 'Medical University Clinic, University of Tubingen, 
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Abstract. Naturally processed MHC class ll-associated peptides proved to be heterogeneous in size, varying from 
13 to 25 amino acids. Truncation variants suggested sequence motifs that afford the amino termini to be shifted 
for obtaining an alignment: a 9- to 1 1 -residue core region that is bordered by primary anchor residues is surrounded 
by extra sequences of variable lengths and hitherto unknown functions. Herein we present bulk sequencing analyses 
of self-peptides from four HLA-DR alteles and HtA-DQw7 clearly showing that the length of most of the NHr- 
terminal preanchor sequence is limited to 1 to 3 residues. Most strikingly, proline is the dominant residue reap- 
pearing at positions 2 and 3 in any allele, Proline revealed to function as a stop signal for NH^-terminal trimming 
as well as a secondary anchor: crude cytosoHc and endoso mal peptide fracUonsxpuldJ» processed by amino- 
peptidases i n vitro. wrrereuoonJIMJMn^ generated. In addition, ami- 
nopepUdase treatment of Wlself^e^ 

MHCVrotec^ further proo^^ 

Acces sible to ^theosin Bprooessipk Finally, bulk sequencing profiles contained signals from further putative anchor 
"residues clustering in theNH^-terminal region: tyrosine, phenylalanine, leucine, isoleuctne, and valine are enriched 
at positions 2 to 4 in DR1 , DRS, and DR6, however, at positions 4 to 6 in OR3. kotype-specrficity is demonstrated 
by DQw7 displaying glutamine and asparagine at position 2. Obviously, the degenerate occurrence of aromatic 
or aliphatic side chains close to the NHrterminaf guarantees for essential interactions with a hydrophobic pocket 
of the investigated DR molecules. Most probably, this pocket is located in the rxmpolymorphic DR ordrain ra- 
tional king previous findings of promiscuous peptide binding to different DR alleles. Journal ^Immunology, 1993, 
151:4732. 



Peptide fragments derived from foreign or self- 
protein Ag are constitutivcly presented on the sm> 
face of an AFC t^gutiy associated to sioiccules of 
the MHC(l). Because the availability, sequence, and length 
of certain peptides appear to determine whether normal, 
aUoreactive, or autoaggressive T ceil clones are activated 



or rtifrfiff^T*t, a huge amount of work is focused on the 
elucidation of peptide motifs relevant for binding to MHC 
tttfcoilcs- Sequence analyses by Edman Aggradation (2-4) 
and mass spectroscopy (5) revealed altele-spccific bimJios 
motifs for MHC class l-associated self-peptides, ranging in 
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size from 8 to 10 amino adds. Similar approaches applied 
to naturally processed peptides from murine MHC class II 
could prove that these peptides were longK and rather het- 
erogeneous mleiu^ (13 to 18 airn^acin^^ 
aDele-spedfic anchor residues at certain po si tio ns (6-8). 
The only human class II alleles that have been investigated 
for sclf-pcpttdc motifs so far are HLA-DR1 and -DRll.The 
first study on DR1 3 described a 16-mer peptide with a hy- 
drophobic two-residue contact motifbeingCTUcial for bind- 
ing (9). Most recently, this finding could be largely con- 
firmed by use of M 13 epitope libraries (10), An alternative 
sequencing study with DR1 reported peptides varying from 
13 to 25 residues, the putative motif tolerating a positively 
charged as well as a bulky hy drophobic side chain near the 
NH^rminal (11). The potential peptide binding motif for 
HLA-DR1 1/Dw52 was suggested to consist of an aromatic 
amino acid followed by a basic amino acid five positions 
after the aromatic residue and a second basic amino acid 
seven positions after the aromatic anchor (12). General 
agreement exists about the first anchor residue of class C- 



tcrminal ffl 9. 1 1) , That is the re asonj^vJhcjooled 
tkte sequenci ng method, previously ap plied to deduce class 
1 peptide motifs (3), is thoug ht to b e difficult to apply to 
J^^W^^^^3£v^^iS 9 JXX. However, most natu- 



rally processed peptides revealed rather short NHx^erminal . 
preanchor sequences (8, 9, 1 2). TTiergfore^ bulk sequ e ricmg 
should allow to p rove the existence and t$e c hemical nature 
tfjwtatoe^ 

to the mii-terminal ofjtejp^tfctes^ 
~1 Aj^^g oik teclunquc In this study, we succeeded In 
verifying the feotype-spedfic occurrence of hydrophobic 
anchor residues near the NHz^erinini of pooled self- 
peptides from four HLA-DR alleles. Most ^significant, pro- 
line occurring frequently at positions 2 and 3 in the se- 
quencing profiles Of any allele revealed to be hnporta^fbf 
peptide binding as well as for NHj-teiminal processing: 
treatment of cytos<^ and erKtosomal peptides by amino- 
peptidases in vitro made them highfy potent competitors in 
aiHadtng assay with influenza rnatrix peptide IM (19-31). 
Tins is probably due to proline functkming as a stop signal 
for aminopeptidases. Our sequeodng and binding data are 
fufly consistent with the observation that srif-peptides 
bound to HLA-DR1 are resistant to ami nopcplldasc treat- 
ment but are further CXX>H-4enninaIIy truncated by ca- 
thepsin B in vino xeemphasizing the protection of the pep- 

4 
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tides' NRrtermini and the suscepribfliry of their OOOH~ 
terminL 

Materials and Methods 
Cells 

The EBV-transformed homozygous ceQ lines WT-100 
(DRIDwl), COX (DR17Dw3 = DR3), KRO (DRllDwS 
= DR5X and AMALA (DR14Dwl6 ss DR6> DQw7) 
were used as a source for the isolation of HLA-DR and 
-DQ molecules. The cell lines were maintained in vitro at 
37°C, 5% CX^ by culture in RP MI 1640 medium (GTBOO, 
Grand Island, NY), containing 5% heat-inactivated FCS 
(GIBCO), 2 mM ghitamine, and antibiotics (GIBCO). 

Isolation of HLA-OR and -DQw7 

Cells were lysed and the resulting homogenatc prepared for 
affinity chromatography with mAb L243 (anti-DR) (13) 
and T022 (anti-DQ) (14), essentially as described else- 
where (15). 

. Preparation of HLA-associated sdf-pepOdes 

Naturally processed peptides were released by adjusting a 
solution of 500 jig of solubibzed HLA-DR or 4X) to pH 
2^ by addition of trifluorjacetic acid. After a 3^ IikTihatfon 
at 37°CL released peptides were separated by ultatfltiatkm 
with a Micrdsep 10 micvoconcentrata (FQtron, Katwlcin, 
Germany X The flow-tbiougb provided the acid-chited pep- 
tkle pool, which was concentrated lo 100 |il in a speed vac 
Peptides were freed from salt and detergent by mkrobore 
reverse^phatie' HFLC We used an Aquapore OD-300 col- 
; umn (250 X : 1j0 mm, ? fun; Browmee) (Applied Biosys- 
tems, San Jose, CA) and a Merck HFLC system, (hterck- 
Hitachi, Dormstadt, Germany) as previously described 
(15). Buffer A, 6.06% TFA» H a O; buffer B, 0.052% TFA. 
80% accftooihile. Cfearife^ 

to 130 mhv 80 to 100% B. Material etoring with 10 to 35% 
acetonitrik was pooled and dried' in a speed vac Cor 
sequence analysts. 

Preparation of cytosoRc peptides 

lheuomogenatefcnn2X 10 s WT-100 cells was prepared 
as for affinity chromatography (see above). Peptide s were 

separated try idtrafBtia^^ 

certrator (Khron). The fiow^hrougb was lyephifized and 
Creed from salt and detergent by mlcrobore reverse-phase 
HFLC as described above. 

Preparation of endosoma! peptides by FercoO density 
gradient fractionation 



1 fractions wlui mt^iaiedaccotifing to a standard 
protocol with the following modrntelions: WT-100 cells 
(lfjP) were suspended in 10 ml of 10 mM Iris-HQ buffer; 
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pH 7* containing 02 mM PMSF (Sigma Chemical Ock, 
St Louis), 5 AM leupeptin, 10 |iM pepstatin, and 1 m** 
cftymostatin (Boehringet; Mannheim, Gennany). lysis was 
achieved using a Teflon homogenizer with a lO-jim gap. 
Nuclei and intact cells were removed by centrifugatkm 
(1000 X g, 10 min). The supernatant was mixed with a 
concentrated PercoD suspension (Sigma Chemical Co.) and 
a solution of Z5 M sucrose, 10 raM TYis-HCl, pH 7.8, to 
a final volume of 60 ml, adjusting a concentration of 20% 
PercolL A continuous Pcrcoil gradient was generated by 
centrifiigation of tins suspension (60,000 X g, SO min). 
Gradient fractions were drawn and endosomal fractions 
corresponding to a density of 1 MO -1.045 were separated. 
They were diluted 10-fold by addition of 10 mM Tris-HO, 
pH 7 A 250 mM sucrose and ccntrifuged in a Beckman SW 
28 swing-out rotor (100,000 X g, 120 min). Pellets were 
lysed in 10 mM TYis-HCl, pH 7* 1.0% (wWol) Triton 
X-100 for 10 min. Endosomal peptides were obtained by 
ultrafiltration and reverse-phase HPLC as described above. 
The endosomal origin of the described tactions could be 
verified by the accumulation of transferrin after pulsing 
whole cells with ftuorcscently labeled transferrin. 



Treatment of peptide fractions with LAP 

Peptide fractions were normalized by their OD at 220 om 
before use. Digestions with LAP (Boehringer, Mannheim) 
were performed in 40 jtl of 100 mM sodium phosphate 
buffer. pH 8.0, 0.1% (wt/vol) Zwittergent-12 (Calbiochem, 
San Diego, CA ) for 16 h at 37°C using 25 ng/pl of the 
enzyme and 03 to 1.6 jtg of peptide. 



Treatment of DR1 peptide complexes by AAP and 
cathepsin B 

The, 100 fig of DR1 sotubflized in gOO pi 100 mM sodium 
phosphate. pH 7.a 0.1% Zwiitergent-12 (Calbiochem) 
were coincubated with 1 pg AAP (Boehringer, Mannheim) 
for 16 hat 37*C and with 0.1 jigcatbepsinB (Calbiochem) 
in 200 pi 100 mM sodium phosphate, 8 mM DDT, pH6.Q, 
for 16 h at room temperature, respectively. Peptides were 
released and separated as described above. In parallel, 
samples containing AAP or cathepsin B were supplemented 
with AMCA fluorescently labeled DRi-assodated self- 
peptides DRl-33(6-16), ILLSKKHLNK(-AMCA)I in one 
letter code, or DRl-33(6-14), (AMCA)4LLSKKHLN, re* 
specthrdy. Both peptides were digested for 30 min under 
the same conditions as described above. Each sample was 
analyzed by rcversc-phasc-HPLC on a NudcosQ C4 col- 
umn (125 X 4 mm, 5 jun. Gram, Tubingen, Gennaay) with 
fluorescence detection (cxdtatkm wavelength = 350 nm, 
emission wavelength « 450 nm). Gradient: 0 to 30 min, 5 
to 95% B. Buffer Aand B were th same as described above. 



Sequence analyses 

Edroan degradation was performed In a pulsed liquid se- 
quencer 477A equipped with an on-line PTH-amino add 
analyzer 120 A (Applied Biosystems Foster City, CA) 
essentially as previously described (3, 9). AD samples 
were normalized to a total yield of 500 to 1000 pmol in 
the starting cyde. Peptide pools of each allele were 
sequenced in duplicate or triplicate. 

Peptide synthesis 

IM(19-31)was synthesized by continuous flow solid-phase 
peptide synthesis using a MilliGen (Eschborn, Germany) 
9050 synthesizer based on Fmoc/Bu 1 strategy; The peptide 
was purified by HPLC and the identity tested by ton spray 
mass spectrometry. 

Fluorescence labeling 

NHrterirnlnal labeling was performed as previously 
described (15). 

HPSEC peptide binding assay 

Solubilized HLA-DR1 (2 |ig) was coincubated with NH r 
terminally AMCA labeled peptide (AMCA>1M(19-31) 
(0.1 fig) in 50 mM sodium phosphate, pH 5A 0.1% (wt/ 
vol) Zwittergent-12, supplemented with a cocktail of pro- 
tease inhibitors (see above) for 48 h at 37*C As competitors 
diquots of different peptide fractions, prevlou^ digested 
by umlDopepUdases or not, wen added in 3- to 16-fold 
molar excess relative to (AMCA>IM(l9-31), as judged by 
the OD at 220 nm. All samples were analyzed on a Phar- 
macia (Piscataway, NJ) Sopetdex 75 HR 10/30 high per- 
fbnnance gel filtration column essentially as described 
elsewhere (16). 

Results ; 

Acid release of naturally processed self-peptldes V 

MHC dass II molecules from four EBV-B ceD lines, each 
of diem homozygous for the allele of interest, were purified 
by iinmunoaffinity chromatography and checked for purity 
by SDS-PAGE and high performance geJ 61^ 
shown). UnspcdficaDy bound lownzMrtecular^weighl ma- 
terial was separated by ultrafiltration over an Amicon YM 
30 membrane. High affinity bound peptides wens released 
by treatment with TEA before ultrafiltration over a Mi- 
crosep 10 membrane. The material in the flow-through was 
then fractionated by mtcrobore reverse-phase HPLC on a 
C18 column. 

TRfe obtained an aBde-spedfic pattern of peaks fur each 
allele, uniformly during between 10 and 35% acctonitrile, 
as shown for HLA-DR1 (Fig. 3). As a control, we used 
glycine coupled to Sephaxose. We treated this column and 
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the eluate accordingly. Hie material we obtained from this 
mock precipitation did not show any prominent peaks dot- 
ing with 10 to 35% acetonitrile in the reverse-phase HPLC 
separation (data not shown). It was collected and taken for 
pool sequencing as well. 

Sequence analyses of pooled peptides 

Bawd on the assumption that certain amino adds crucial for 
anchoring naturally processed peptides to the relevant 
MHC molecule do reoccur at defined positions, those resi- 
dues should accumulate in the corresponding sequendng 
cycles. With the Edman degradation technique sequentially 
cleaving off residues from the NHi-terminal of a peptide, 
preanchor sequences of highly variable lengths (0 to 9 rest* 
dues), aB found for single peptides derived from HLA-DR1 
(11), should make this approach useless for defining anchor 
residues. However, recent findings concerning naturally 
processed peptides from murine dass II allele I-flb (being 
^hylOgeneticalty related to HLA-DR) have shown that two 
to three preanchor residues are roost common (6, 8). There- 
fore, we subjected self-pepttde pools derived from five dif- 
ferent HLA-D alleles to Edman sequencing to resolve these 
'discrepancies. 

: :. The profiles obtained display allele- and isotype-spedfic . 
signals of certain amino acids that are clearly favored. 
JTrase wm be discussed hero in detail. 

Proline 

Proline is the most abundant amino acid throughout the 
profiles of any allele (Fig. MX dispkyingtwen or thieefold 
the amount of other aliphatic residues. The signal maximum 
is located at position 2 (DR1, DR3, DR6, and DQwT) or at 
position 3 (DR5> Especially in the profiles of DR1, DR6, 
Sand DQw7 there is a tailing of proline in two to three cycles 
after the respective peak maximum. This Is compatible with 
the hypothesis of shifting NI^ezininL In addtitfam to shal- 
low shoulders appearing in the profiles of DR5 and DR6 
around position 7, there are no further proline signals. 

t>henytalanine 

The aromatic side chain of phenylalanine appears to be 
important for binding of peptides to DE I (position 2) as 
weU as to DR6 (position 3) (Fig. IB). In the latter case, the 
phenylalanine signals show significant tailing, comparable 
to that of proline in the DR6 profile, as cited above. No 
indication of phenylalanine is given for DR3, DR5, or 
DQW7. 

Tyrosine 

Tyrosine correlates with the signal of phenylalanine espe- 
cially at position 2 of DR1 (Fig* 1C). DR6 shows a less 
pronounced signal at the same position. In addition, tyro- 
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sine peaks at position 4 of DR5 and is most prominent at 
position 5 of DR3. 

Valine 

Viline compares best to tyrosine in its allele-spedfic dis- 
tribution (Fig. ID); it has prominent maxima at position 
2 of DR1 and DR6 as well as at position 4 of DR3. la 
contrast. DR5 displays two shallow maxima around post* 
tions 3 and 6. 

Isoleucine 

The profiles of DR6 (position 2) and DR3 (position 6) are 
dominated by signals from isoleucine (Fig. IE). DRS 
shows a plateau comprisi ng positions 3 and 4, whereas iso- 
leucine signals are lacking in the profile of DQw7. 

Leucine 

Leucine, similar to valine, is an amino acid that shows more 
or less pronounced peaks in the profiles of all four DR 
alleles but not in that of DQw7 (Fig. IF): the most intensive 
. signal is found at position 2 of DR5, tailing through po- 
. sitions 3 and 4, and at position 3 of DR1/B&6 shows a 
plateau compristog positions 2 and 3. SecondWy maxinla 
are found at positions S and 6 of DR5 and 6, respectively. 
Finally, DR3 displays a further maximum at position 8. 

- Lysine ' 

Most striking, lysine canying a charged side c^in, shows 
** significant signals comparable to leucme in 

(Fig. 1GX especially DR5 and t>R6 at position 2 and DR3. 
: to a smaller extent at position 6 contain lysine signals, 
whereas DRl and DQw7 do not. 

' Glutamine 

In tfafe case, only in the profile of DQw7 is a promfaieat 
signal discernible (Fig. 1H) at position 2. Glutamine ap- 
pears not to play a role in the peptides of any of the four 
DR alleles. 

Asparagine 

Asparagine minors the situation witb glutamine (Fig. 1/): 
• DQw7 shows a clear maximum at position 2, whereas all 
other alkies do not. Only DR3 displays a shallow plateau 
around position 9. 

Aspartic acid 

Aspartic add is a typical representative of amino acids that 
do not show any reproducible signal, except for the DR3 
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FIGURE 1. Sequencing profiles of naturally processed pooled peptides released from DR1„ DR3, DR5, DR6, and DQw7. 
With the exception of aspartic add (K), only amino acids with significant posttion-spectftc enrichment are shown. For darity, 
the values of the first sequendng cycle of DR3, 5, 6, and DQw7 were normalized by the starting values of Dfcl . Material from 
a mock precipitate was sequenced as a control. Each bulk sequencing was performed in duplicate or triplicate. 



profile where occasional signals around position 7 oc- In vitro processing of cellular peptides by LAP 
curred. (Fig. 1/Q. It b the same with glutamic acid, ugi- 

nine, histidine, serine, and Uirecmine as weU as with me- Because our self-peptide sequencing profiles revealed a 

ffjiftnwti^, alanine, and glycine. significant accumulation of proline at positions 2 and 3 
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FIGURE 2. Competition assay by HPIC gel filtration with 
solubllbed DR1 (3 p8),fluorescently labeled (AMCAHM{19- 
31) (0.1 pg), and different peptide fractions pretreated with 
LAP In vitro. The following peptides were Investigated as 
competitors: cytosolic peptides, untreated (V); LAP treated 
(▼); endosomal. peptides, untreated (A); IAP treated XA), 
naturally processed peptides released from DRV untreated 
<□>; IAP treated <■). LAP treatments were achieved as de- 
scribed In Materials and Methods. All measurements were 
performed In duplicate. 



regardless of allele or isotype (Fig. 1A% we started to in- 
vestigate, whether proline may be a remainder of NHi- 
terminal processing. For this purpose, we pr e pa r ed low- 
molecular-weight fractions isolated from the cytosol and 
endosomes of the EBV-B cell line WT-100 expressing DR1. 
From each preparation we separated the peptide fraction by 
reverse-phase HPLC. The highly complex mixtures that 
have been obtained were tested in a binding assay for their 
ability to compete with fluortsceutiy labeled T cell epitope 
from influenza matrix protein, AMCA-IM(1»-31). We 
have chosen 1*4(19-31), because it comprises the core re- 
gion of the DRl-restricted epitope IM(17-31) carrying pro- 
line at position 2 (17). 

iAs expected, crude untreated cytosolic peptides' dis- 
played no affinity for DR1 (Fig. 2): die binding signal of 
A&fGA-IM(19-31) did not change on addition of Cytosolic 
peptides. More striking, the same amount of endosomal 
peptides competed only slightly more* This result Indicates 
thai peptides occurring in the endosomal compartment ate 
not preselected for binding to class U MHC molecules. In 
contrast, peptides that have been released from DR1 dras- 
tically reduced the binding of IM(19-31) owing to their 
lifgjh afiBniry* 

In die second step we subjected all three peptide fractions 
to in vino processing, exerted by LAP: LAP is known to 



cleave off amino acids from the NHrtcnninal rather un- 
specifically, but it cleaves Xaa-Lys, Xaa-Arg, Lya-Xaa, and 
Arg-Xaa bonds slowly and does not attack Xaa-Pro bonds 
at all (18). It turned out, that LAP treatment makes the 
affinity of cytosolic and endosomal peptides remarkably 
higher: competition rates of die cytosolic fraction were in- 
creased 30-foM by LAP treatment, whereas endosomal pep- 
tides reached only a fourfold increase of their original bind- 
ing rates (Pig. 2). That means, both peptide fractions 
contained cryptic abilities to compete for binding to DM. 
In contrast, naturally processed peptides from DR1 did not 
significantly alter their affinities for DM on LAP treat- 
ment This finding corresponds to the sequencing profiles 
telling us that 30 to 50% of the DRl-assoclated peptides 
already possess a proline residue at position 2 or 3, pre- 
cluding further NHrtcrminal trimming (Fig. 1A> 

Amlnopeptldase and cathepsln B treatment erf 
DR1 self-peptlde complexes 

Previous studies suggested that class II MHC-associated 
self -peptides may protrude from the binding deft at both 
ends, due to their lengths extending 15 residues (8, 11). 
According to this hypothesis, NHj- as well as COOH- 
terminal peptide regions that are not protected by the MHC 

. molecule may be further trimmed by exopeptidases, Thete- 

. fore, we tested in an in vitro assay whether DR1 -associated 
self-peptides could be further processed by treatment with 

. AAP, which cleaves dff NH r terminaI amino adds rafter 
unspedfically stopping at Pro-Xaa bonds (18), or cathepsin 
H, a cystein protease of the endocy tic pathway that has been 
shown to play an important role in Ag processing (19, 20), 
probably owing to its well-established COOH-texminal 
peptidyl-dipeptidase activity. The effects wc obtained oa 
treatment of DRl-boond peptides are shown in the reverse- 
phase HPLC profiles in Figure 3: after coinCitetion with 
cathepsln B (Fig. 3B), there is a remarkable fraction of 

: newly appearing peaks at the left side of the profile, co*- 

p^prmding to ghnrt retention rimes (20 to 50 min) compared 

with the untreated sample (Fig. 3A). At the same time, 
prominent peaks at the right ride of the untreated mixture 
(65 to 85 min) have disappeared. Principally, the same las 
occurred when the fluoicscentry labeled peptide (AMCA> 
DRl-33(6-14) was added as an internal control (Fig. 4): 
two new major peaks erf flnoresoence representing degra- 
dation products appeared with short retention times in the 
HPLC chromatogram (Fig. 4C), whereas the peak repre- 
senting the intact peptide was lost (Fig. 4A% The shift to 
shorter retention times implies that a considerable portion 
of peptides has been further trimmed at the COOH-terrai- 
nal. However, trimming at the NHj-tcrmini hardly occutied 
(Fig. 3CX the pattern of peaks has changed only marginally 
on AAP treatment, with no remarkable shifts being dis- 
cernible. In contrast, die dose of AAP was sufficient to 
degrade the unbound control peptide DRl-33(5-16)- 
(AMCA), taking only 30 min (Fig. 4D),Thecorrespomfing 
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FIGURE 3. €18 reverse-phase HPLC profiles of DR1 -asso- 
ciated peptides without protease treatmem (A) arid after treat- 
ment of DR1 sdf-peptide complexes with cathepsm BWor 
AAP {CU Peaks that have disappeared on cathepsm B treat- 
mem are marked by asterisks* newly generated peaks are 
marked by arrowheads. The hatched profile was obtained on 
cathepsm B treatment of DR1 molecules in absence of setf- 
peptides. 

bulk sequencing profiles of self-peptides after AAP treat- 
meat confirmed the protection of the peptides NHr*ennmi 
from fnrtfaer trimmiag, because maxima of tine postulated 
anchor ammo acids near the NllVtenniiii did iiot shift eit^ 
(data not shown). 

Discussion 

The results presented herein extend previous se qu enci n g 
data on naturally processed peptides bound to human MHC 
class fl molecules (9, 10-12). To overcome the problem of 
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FIGURE 4. C4 reverse-phase HPLC chrornatograms of 
(AMCA)-DRl-33(fr-14) before iA) and after treatment with 
cathepsln B (O and of OR1 -33(6-1 6MAMCA) before (0) and 
after treatment with AAP (0). Digestions were conducted for 
30 rnin In solutions containing DR1 setf-peptide complexes 
(see Fig. 3): Peptides were edited in a linear gradient of 
acetonrtrtfe from 5 to 75% over a 30-mln period. 



fractionating mixtures of up to 2000 different peptides* as 
found with murine class n MHC 1-A* (7X we sequenced 
pooled peptides by Edman degradation. Our analyses for 
cused on four HLA-DR alleles: DR1, DR3, DR5, and DR6. 
In addition* we investigated self-peptides from HLA- 
DQw7 as an isotype control. 

Because of the heterogeneity in the site of terminal trun- 
cation (8, 11), pooled class D MHC-derived peptides 
proved to be more difficult to Analyze compared with class 
I analogues. Nevertheless/ we could deduce alkie-, and 
isotypc-specific features (1^1). Most crjaractcrisf^ 
sequencing profile of each allek there is a limited number 
of airjmo adds that casplayu^^ 

positions (Fig, 4). For example, tyrosiiie stows distinct sig- 
nals comprising positions 2» 4/5, and 4 in the profiles of 
DR1, DR3, and DR5, respectively (Fig. 1£> In obvious 
contrast to the sharp maxima of single dominating amino 
adds at defined positions, termed "aiidtor* residues, which 
have been obtained from class 1-associated self -peptide 
pools (3), the signals of class n self-peptkles are less pro- 
nounced. An mipcgtanUgg^ 
anctor resrote is distrir^^ 
canf ^ rjy^tfaenpe p ^ 

6yTpo5Tseqi^rjC^^ resltes of 

similar ph^siooc^emtad 

rasroe mist often are mtcrchangeabfe» thereby contributing 
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HCURE 5. Putative anchor residues in the NH 2 -terminal 
halves of naturally processed peptides from five investigated 
HLA-O alleles. The data are derived from the bulk sequenc- 
ing profiles (see Fig. 1). 



to the reduction of signal intensit ies, too. In view of the 
local degeneration of the signals we conclude that in most 
cases the number of residues preceding the first anchor 
residue is limited to I to 3. Otherwise, bulk sequencing 
profiles should not exhibit any maxima at alL Most of the 
self -peptide sequences of mouse class II MHC I-tf 1 (8) and 
of human DR11/Dw52 (12) proved to have NHj-tenninal 
presequences of limited lengths. However, sequences tonn 
various HIA-DRl-associated Ii peptides most recently 
published revealed presequences comprising 0 to 9 residues 
irrelevant for binding (11). This might be due to Ihe fact that 
peptides of 20 to 25 residues may contain two agretopes in 
canonical arrangement, as previously shown (7). Alterna- 
tively, those Ii peptides may occupy a binding site that is 
different from the conventional peptide binding groove. 
TV. Ifift^y ^gnimprW-m *c hftsed mv processing mutants trans- 
Ceded with* DR3, - which were found to display high 
amounts of the same Ii peptides without being able to con- 
vey SDS stability to DR3 molecules (21, 22). 

Our sequencing data support previous approaches, 
whereafter mainly aromatic and aliphatic residues near the 
NHx-terminal are crucial for anchoring peptide to 
HLA-DR molecules (9, 12, 15, 23, 24): in setf-peptides 
ftpm HLA-DR1 tyrosine, phenylalanine, and valine are 
highly abundant at position 2 and leucine peaks at position 
3, (Fig. 5). In addition, at positions 2 and 3 there is a strong 
proline signaL That means, one hydrophobic amino acid or 
two sequential hydrophobic residues dose to the NHr 
terminal are common features of DRl-associated peptides. 
This result is in agreement with the DR1 motif delineated 



by using an M13 epitope library (10); the first anchor was 
an aromatic residue (iyr, Phe, or Trp), followed by an ali- 
phatic one (Leu or Met) three residues downstream. Fur- 
thermore, the interaction of an immunodominant pertussis 
toxin peptide with DR1 proved to occur by Leu-33 (i) and 
Leu-36 (i + 3) (25). A farther hydrophobic anchor, being 
spaced M + 8 or M + 9 relative to the NHj-tenninal one, 
has been found in various DRl-iestricted foreign antigenic 
peptides (9 V 24) by use of the M13 epitope library (10) and 
in a recently sequenced 16-mer sclf-peptide (9). In the bulk 
sequencing profiles of DR1 and of the other DR alleles 
there is no dear indication of further anchor residues com- 
parable to those described for the region near the NHy 
terminaL We gondwi^tha^.thetndky hyoVophobioresidue 
nOTjlKje$D^^ 

tides functions as a "fwbnaty" anchor abwlutely necessary 
for binding, whereas fuTther hyd^plrobic resi^ 
springs as i, 1 + 3 or i t i + 8 relative to the primary anchor 
should be dassificd as "secoiidary" ani^rvheing ^ 
but jool ^ essential for bindJng^This fa consistent with the... 
fadings of Jardetzky et al. (26) suggesting a sin gle h y- 
drophobic residue near thelffl^tenninal to be sufficient for, 
. binding off ffie influenza hcmag glutmin peptide HA0O7- 
J19) to HTA-13R1 ^^d^^^^^^^m^^^_ 
-CTystallqpa^ 

confirmed the role of T> r-309 as tire primary anchor reskju$._ 

^Fuirt^rmoTe,^ anchor positions 

. may be obscured by conformational variations caused by ' 

: proline residues, as found with class I MHC HLA-Aw68; 

. different degrees of bulging allow residues at positions 9, 

• 10 r or 11 to occupy pocket F (27). 

DR1 pool sequencing profiles do not display a maximum 
for lysine (Fig. IF), most recently suggested as a putative 

. anchor residue in a comprehensive alignment of DR1- 
associated self- and foreign peptides (11). However; lysine 

. . is enriched in the profiles of other DR alleles, In DR5 and 
DR6 at position 2 together with leucine and isotcudnc/ 
leucine, respectrvdy (Fig; 5). In the MHC dass 1 field there 

".. is a similar example; sequence analyses with HLA.-A3 re- 
vealed lysmetqgpthcr with tyro 

andiors at position 9 (28). In view of this cooccurrence of 
lysine with aliphatic or aromatic amino adds, the four 
. methylene groups of the lysine side chain seem to be funo 
. tional in making , contact with a complementary hydro- 
phobic pocket; the positively charged c-ammo group seems 
to be of less importance. In addition, lysine at position 2 
may stow down the action of aminopeptidase. This fact 
may be relevant for peptides lacking proline at the NHz- 
temiinal (18). 

Most probably, DR3> DR5, and DR6 share the same 
hydrophobic pocket with DR1, previously deduced fiom 
quenching studies (IS) and most recently confirmed by 
fluorescence energy transfer (16). The enrichment 
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the NHz-tciminal of chemically similar amino add resi- 
Z?£rZ!*y processed peptide, of afl bwestigated 
ST alkies stnagtbens (Ms view (Fig. 5>. tt is isoteucme. 
valine, and tyrosine at positions 4 lo 6 in DR3, tyrosine 
andUucine at positions 2 to 4 in DR5 Phenylalanine 
and leucine at positions 2 and 3 in DRf. TJe« ^find- 
ings an most easily explained by a hydrophobic pocket 
being formed by the monomorphic o-cbain of any DR 

^Qutadrfferent from that, DQw7 displays asparagine and 
glatamiac at position 2 emphasizing the isotype-specific 
nature of the postulated anchor residues. Ghrtamine and 
asparagine also proved to be part of the consensus motif of 
naturally processed peptides of murine I-A b being closely 
related to HLA-DQw7 (8). 

Facing the highly degenerate pattern of putative anchor 
residues relevant for binding to four different DR alleles, 
promiscuous binding of inununogeneic peptides to HLA- 
DR. as repeatedly found elsewhere (24, 29-31). seems 
quite natural. Nevertheless, our sequencing profiles also 
display substantial allelic differences. Most striking in this 
context, naturally processed rieptfdes d^ are 

disttagujshed frojnj*ejrjaft#p^ - " 

: sequenc es at 



5* cwr^cd^th ojtoD&aJtt^ 

To~WxOOH%mu^ observation correlates well 
y^lSSS^ln^y^m^im at position 86 of the DR 
fimbria. Gly*86^contaiiu^ alleles asDRlDwl (as well as 
DRllDw5 and DR14Dwl6) have been previously shown 
to bind HA(307-319) by making contact with iyr-309 at 
position 3, not tolerating a Ser-309 analogue (32), \fe}-$6- 
contaming alleles (as DR17Dw3), on die contrary, bound 
Ser-309-substituted analogues very well with Ac residue at 
position 5 becoming an taportart contact, re^ 
in substantial agreement with isoleucine and tyrosine domi- 
nating at potion 5 in naturally processed peptides of DR3 
in our study (Fig- 5). More unportant, in a recently devel- 
oped DIt3-speci£k: binding 

highly DR3-spcdfic epitope Hsp65(3-1 3) turned out to be 
the primary anchor closest to the NHrterminal (33). 

The sequencing data presented herein also have some 
relevance to the issue of natural processing of the pep- 
tides' Nrl^enninL Pxcvious studies on murine l-E 6 - 
associated peptides have suggested that cleavage by pro- 
teases of the cathepsin family b followed by. trimming by 
exopeptidases (6). If it is true that class II processing is a 
stochastic event and that DR molecules have to select 
peptides from a complex mixture, as suggested most re- 
cently (11), amino acids functioning as^stop signals for. 
aminopeptidascs may be found with high frequency at 
the NH^eiminL That is in agreement with our results: 
^oWe~ii^ & lokrra to ^rxnlnate the proteolytic action 
^dTm^'lUkMaA aminop^^ 



positions 2 and 3 in any Qfj^&jpy^g^^QeteJO^ 
HJTlnterSffi^^ 

fcga^bun^^ ill) and a 

proving laW.aqm^M^ ^ Neverfluv 
less, li-dertved peptides are not the only contzibuters of 
proline, because sequences of other single peptides eluted 
from DR1, DR2, and DR3 have revealed a more than 
50% occurrence of proline at positions 2 and 3 (manu- 
script in preparation). For further investigation of this is- 
sue, we. subjected emlosomal and cytosolic peptides to 
LAP treatment. This processing simulation favors the 
view that the yererationjyfa penultima te pro line is suffi- 
cient to compete successfully with influenza peptide IM- 
(19-31) for binding to DHL Because untroted^g rtosollc 
or eiidciBOii^pep^ 
ing proline to ^ifl^ 

thek arjjaitjTto DR1 cprwWerahly, Tlie more pTonounccd 
efi&rt^ot cytosolic peptides compared with their endo- 
somal counterparts may be due to a mom favorable 
length: endosomal peptides may have been more exten- 
sively processed by exo- or e i t do proteases .confined to the 
endosomal comrjartment. As expected, naturally pro- 
cessed peptides revealed to be the most potent competi- 
tors regardless of a further LAP treatment Their Uglier 
affinity must be ascribed tq additional primary or second- 
ary anchor residues at the proper positions. Because pro- 
line was not found to play a similar important role in 
DRl-restricted foreign peptides (30, 31). it appears to 
function as a secondary anchor besides preventing farther 
NH^termina) trimming of peptides before or after bind- - 
ing to MHC class II molecules. 

Provided that our model, is correct, proline cr mtamin g- 
NHx-terrnini. should be accommodated in the binding 
groove making them inaccessible for attacking aromopep- 
tidascs. Therefore, we tr eated whole PRl^tf-pqptide 
complexrajr^^^ 

changes oteeryi^ HPIC ptofile . 



seqfi^ig "p^ WffWiL 
seemedlo be protected from NH r ten iinal trfaaniiiig.^^ 
]5roliriTroccumi^ 

thepaoted ^afjj^t^ (Fig. 1\ not all o f them are auto- 
. matf^it^rpi^teiAed from AAP action b y proline. Therefore, 
<^ hlndft^^ may contribute con- 

skterably to avpjd Ji^tnic^^ 
termini- - 

' In contrast, dramatic changes on cathepsin B treatment 

of DRlrsetf-pcptide complexes point to considerable trim- 
miiigoftlit^CXKJH^ 

indtotinn of newly generated fragments when DR1 mol- 
ecules freed from sdf-peptides by add release were used 
(Fig. 3*9), class II molecules appear to be highly resistant 
to cathepsin Btreatmem 

conclude that OOOH-terminal portions of DRl-associatcd 
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self-pep tides do protrude from the binding groove. This fact 
is in agreement with truncation variants from mouse class 
IIl-E b -associated setf-peptides indicating COOH-terminal 
trimming in viv (6> Obviously, the transit time of DR: 
self-peptide complexes in endosomai or lysosomal com- 
partments is not long enough to guarantee for complete 
COOH-terminal processing by carboxypeptidascs like 
cathepsin B, 

i; In conclusion* the analyses of pooled self-pepddes from 
four DR alleles have revealed important structural features 
that are common to all of them: 1) there is an isotype- 
spedfic predominance of hydrophobic anchor residues 
with the distance from the NH^terminal significantly cor* 
relating with the DR 0-chain dimorphism at position 86; 2) 
the length of NH 2 -terminal preanchor sequences is limited 
to 1 to 3 residues for DR1, 5, 6 and 3 to 5 residues for DR3; 
and 3) proline functions as a stop-signal for N-terminal 
trimming and as a secondary anchor. This finding implies 
an important role for arrdnopeptidases during the process- 
ing of MHC class H-restricted epitopes. The highly degen- 
erate occurrence of the described structural features ratio- 
nalizes promiscuous binding of naturally processed 
peptides to allelic PR variants. Allele-spccific restriction 
fbr T cell epitopes of foreign Ag may. be due to peptide- 
sperific combinations of primary and secondary anchor 
residues, steri^ 

cbor residues, and the grade of processing at the NH 2 - and 
COOH-tennini. Because many different cellular aminopep- 
tfdases exert their proteolytic activity at die. plasma mem- 
brane at neutral pH (33, 34), certain steps of the NHr 
: terminal trimming of class II MHC-associated peptides 
. may proceed after transit through the post-Golgi compart- 
ment^ where loading is said to occur. 
* v Note added in proof: In the meantime, the x-ray crys- 
tallographic analysis of HLA-DR1 dearly confirms the im- 
portance of an aromatic anchor residue dose to the 
N-tennina) for pegrfde-anchonng. (Brown, J. 1L, T. S. Jar- 
detzkey, J r A- Gorga, L. J. Stem, R. J* Urban, J. L. Stro- 
; 0ungei;aiidd-AJ^^y.l9».7ta 
ictfttfeo humandassn Ustocompatibility antigen HLA-DR1. 
Nature 364:33). 

I 
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